Chronic stressors alter brain function and may leave traces after their relief. We used intermittent morphine treatment to examine the relationships between stress-induced changes in energy balance and hypothalamo-pituitary-adrenal (HPA) activity and the recovery thereafter. We studied the effects of morphine injections on energy balance, hormones and fat stores, brain neuropeptide expression, and the ACTH and corticosterone responses to restraint 12 hr after the final injection and 8 d later during recovery. Weight gain, food intake, and caloric efficiency decreased at morphine onset, and these were maintained throughout the morphine injections. At 12 hr, fat stores, leptin, insulin, and testosterone concentrations were reduced. Subsequently, body weight gain and food intake increased and caloric efficiency was above control during the final days. By the eighth recovery day, fat stores and peripheral hormones were no longer depressed. At 12 hr, an over-response of CRF mRNA to restraint occurred in the hypothalamus, similar to the facilitated ACTH and corticosterone responses. On day 8, the hypothalamic CRF mRNA response to restraint was still facilitated, opposite to inhibited ACTH responses. Hypothalamic CRF mRNA correlated highly with mesenteric fat weight in morphine-treated rats. We conclude that there is a prolonged recovery from chronic stressors involving interrelated changes in energy balance and HPA activity. Nonetheless, 8 d after withdrawal from morphine, rats still display facilitated central stress responses, similar to the HPA symptoms described in posttraumatic stress disorder patients. Repeated partial withdrawal associated with intermittent morphine treatment, compounded by complete withdrawal associated with termination of the treatment, is likely required for these metabolic and HPA derangements.
Introduction
Chronic stressors appear to engage a chronic stress response network in the brain that involves the neuromodulator corticotropin-releasing factor (CRF) (Schulkin et al., 1994; Goeders, 2002; Dallman et al., 2003b) . This network causes changes in behavioral, neuroendocrine, and metabolic outputs, such that, during a chronic stressor, fear-and anxiety-like behaviors are increased, hypothalamo-pituitary-adrenal (HPA) responses to novel stimuli are augmented, and typically ponderal growth stops and food intake (FI) and caloric efficiency (CE) are reduced (Dallman and Bhatnagar, 2001 ). We reported previously that, as with cocaine and other street drugs (Shalev et al., 2002) , injections of morphine in escalating doses at 12 hr intervals serve as a chronic stressor (Houshyar et al., 2001a (Houshyar et al., ,b, 2003a . The effects of intermittent morphine treatment are in contrast to the effects of morphine dependence induced by constant morphine exposure and are likely a result of the repeated partial withdrawal associated with intermittent drug administration.
After the application of moderate-intensity chronic or highintensity acute stressors is completed, there is a slow process of apparent recovery from recruitment of the stress response network of the brain. Behavioral abnormalities persist for at least 16 d but not for 64 d after withdrawal from drugs (Shalev et al., 2002) . HPA responses to new stimuli tend to be markedly reduced for long periods after the end of a sufficiently intense single or chronic stressor (van Dijken et al., 1993; Schmidt et al., 1996; Houshyar et al., 2001a,b) . We recently showed that 4 d of intermittent morphine injections, although sufficient to induce facilitated HPA responses to new stimuli, was not sufficient to induce robustly the typical delayed characteristics of an intense chronic stressor, and, therefore, we did not examine the long-term changes in the brains of such rats (Houshyar et al., 2003a) .
There is a tight correlation between metabolic status and HPA activity during periods of chronic stress (Dallman et al., 2004) . During chronic stress, corticosterone acts peripherally on metabolism to reduce activity in the HPA axis . Although the precise signal is not identified, mesenteric fat appears to be a good surrogate for the signal that informs the paraventricular nucleus (PVN) CRF cells that there are sufficient en-ergy stores in the abdomen . Because 4 d of morphine did not induce the typical delayed metabolic and HPA characteristics of chronic stressors, we supposed that a longer and more intense morphine treatment was required. We hoped to gain additional insight into the relationships between stressinduced changes in metabolic state and HPA activity and to delineate changes during the recovery process.
Here, we tested the effects of 8 d of escalating doses of morphine, both 12 hr after the final morphine injection and 8 d later, during recovery, on energy balance and responses to a novel acute stressor in male rats . In addition to metabolic and hormonal responses, we also determined CRF expression in four brain sites and measured vasopressin expression in the hypothalamic paraventricular nuclei, as well as the expression of feeding-associated peptides, neuropeptide Y (NPY) and pro-opiomelanocortin (POMC), in the arcuate nuclei.
Materials and Methods
Subjects. Male Sprague Dawley rats 60 d of age (Bantin and Kingman, Gilroy, CA), weighing 260 -300 gm at the beginning of experiments, were used for these studies. Rats were housed individually in hanging wire cages with ad libitum access to food (Purina Rodent Chow, Diet 5008; Purina Mills, St. Louis, MO) and water. They were housed in a room maintained under standard conditions of light (lights on, 7:00 A.M. to 7:00 P.M.) and temperature (22 Ϯ 2°C). Experiments were initiated shortly after lights were turned on, between 7:00 A.M. and 7:30 A.M. All of the experimental procedures were approved by the Committee on Animal Research, University of California, San Francisco, and were performed according to the Guide for the Care and Use of Laboratory Animals of the Institute for Laboratory Animal Research, Commission on Life Sciences, National Research Council (Department of Health, Education and Welfare).
Morphine dependence and withdrawal. On the basis of previous studies, morphine dependence was induced by subcutaneous injections of morphine (National Institute of Drug Abuse) twice daily (7:00 A.M. and 7:00 P.M.) for 8 d with increasing doses (10, 20, 30, 40, 50, 60, 70 , and 80 mg/kg per injection) on each day (Houshyar et al., 2001a (Houshyar et al., ,b, 2003a . After termination of the morphine treatment, rats received either one injection of saline 12 hr after their final morphine injection (12 hr withdrawal) or they continued to receive injections of saline twice daily for 8 additional d (8 d withdrawal) ( Table 1) . As a control, for each of the above morphine treatment groups, a group of rats was treated with the vehicle saline twice daily for either 8 (12 hr control) or 16 (8 d control) consecutive days. Within each of the above treatment groups, rats were decapitated as follows: (1) at 7:00 A.M. (time, 0 min) under basal conditions, (2) at 11:00 A.M. (time, 240 min) after exposure to repeated tail bleeding, or (3) at 11:00 A.M. (time, 240 min) after exposure to 30 min of restraint stress and repeated tail bleeding.
Acute stress: tail bleeding and restraint. In the animal room, on the final experimental day, one-third of the rats within each group were immediately decapitated under basal conditions (time, 0 min). The other twothirds of the rats within each treatment group were exposed to tail bleeding Ϯ 30 min restraint stress. For tail bleeding, rats were removed from their home cages, and, within 2 min, a blood sample (time 0) was collected from a cut (ϳ1 mm) made across the tip of the tail. These samples were considered to reflect basal conditions. Rats in the "tail nick only" group were immediately returned to their home cages, whereas rats in the "tail nick ϩ restraint" group were placed in restraint tubes. Exposure to restraint was terminated 30 min after initiation of this stressor, at which time rats were returned to their home cages. In both groups, blood was collected by gently dislodging the formed clot at 15, 30, 60, 90, and 120 min after the initial tail nick. Samples of 240 l were collected using heparinized Natelson blood-collecting tubes (Fisher Scientific, Pittsburgh, PA) and kept at 4°C until centrifuged in the cold; plasma was aliquoted and frozen until analysis.
Physiological measures. Body weight (BW) and FI were recorded twice daily at 7:00 A.M. and 7:00 P.M. during the times of drug (vehiclemorphine) administration. At the end of experiments, rats were decapitated, and trunk blood was collected for determination of hormone concentrations. In addition, epidydimal, mesenteric, perirenal, and subcutaneous white adipose tissue (WAT), as well as adrenals and thymuses, were dissected, cleaned, and weighed.
Radioimmunoassays. All of the plasma hormone concentrations were measured using radioimmunoassays (RIAs). Plasma corticosterone and testosterone concentrations were measured using RIA kits purchased from MP Biomedicals (Irvine, CA). RIA kits for determination of plasma insulin and leptin concentrations were purchased from Linco Research (St. Charles, MO). Plasma ACTH concentrations were determined by an RIA that used a specific antiserum, generously donated by Dr. William Engeland (University of Minnesota, Minneapolis, MN) at a dilution of 1:120,000 and [
125 I]ACTH (DiaSorin, Stillwater, MN) as labeled trace. In situ hybridization. Brains were sectioned at 14 m in the coronal plane, and sections were collected onto Superfrost Plus microscope slides (Fisher Scientific) and were stored at Ϫ80°C until additional processing. In situ hybridization analyses for arginine vasopressin (AVP), CRF, POMC, and NPY were conducted using techniques described previously (Dallman et al., 1999; Bell et al., 2000; Viau et al., 2001; Houshyar et al., 2003a) . A one-in-six series of 14 m sections was stained with cresyl violet, and sequential one-in-six series of tissue were incubated with radiolabeled RNA probes complementary to mRNAs for AVP, CRF, POMC, and NPY.
Sections were fixed with 4% paraformaldehyde for 5 min and then washed with PBS for 2 min on ice. Then, sections were acetylated for 10 min (0.25% acetic anhydride in 0.1 M triethanolamine-0.9% NaCl, pH 8.0) at room temperature. Sections were then rinsed with 2ϫ SSC, transferred through 70% (2 min), 95% (2 min), and 100% (2 min) ethanol, 100% chloroform (5 min), and 95% ethanol (2 min), and dried. Hybridization histochemical localization of AVP and CRF mRNAs was performed using a probe transcribed from a 230 bp cDNA fragment encoding the vasopressin-specific 3Ј end (exon C) of AVP (a gift from Dr. D. Richter, University of Hamburg, Hamburg, Germany) and a probe transcribed from a full-length (1.2 kb) cDNA encoding CRF mRNA (courtesy of Dr. K. Mayo, Northwestern University, Evanston, IL), respectively. The NPY probe was provided by Dr. M. W. Schwartz (University of Washington, Seattle, WA), and the POMC probe used was a 45 base cDNA oligomer (Dallman et al., 1999) . The probes were labeled in a reaction mixture consisting of 1 g of linearized plasmid, 5ϫ transcription buffer (Promega, Madison, WI), 5 Ci of [ 33 P]rUTP, and 10 mM each of ATP, CTP, and GTP, 100 mM dithiothreitol, 40 U of RNase inhibitor, and 30 U of polymerase. The reaction was incubated for 2 hr at 37°C and treated with DNase I for 15 min at 37°C. Thereafter, the probe was separated from unincorporated nucleotides over a Micro Bio-Spin column (Bio-Rad, Hercules, CA). The probe was diluted in hybridization buffer, and 100 l of diluted probe was applied to each slide to yield ϳ2 ϫ 10 6 cpm of labeled probe per slide. Slides were then coverslipped and incubated overnight at 55°C. The next day, slides were dipped in 2ϫ SCC to remove the coverslips. Thereafter, slides were washed with RNase A at 37°C for 30 min, followed by a wash in RNase A buffer (consisting of 1 M Tris, 5 M NaCl, and 0.5 M EDTA) without any RNase A for an additional 30 min at 37°C. Next, slides were washed in 1ϫ SSC at room temperature, followed by a wash in 0.5ϫ SSC for 30 min at 60°C. Finally, slides were dehydrated in 70, 95, and 100% ethanol for 2 min each and air dried. Slides were subsequently counterstained with cresyl violet, dehydrated in graded series of alcohol, placed in xylene, and coverslipped with Permount (Fisher Scientific). All of the sections within the same brain region from control and experimental rats were hybridized at the same time.
In analyzing AVP and CRF hybridization in the PVN, we used three sections spanning the midportion of the nucleus for each animal (bregma, Ϫ1.8 to 2.1). Medial parvocellular AVP mRNA containing cells in the PVN were differentiated histologically from magnocellular AVP mRNA containing cells on the basis of their overall smaller size, their relatively low level of AVP expression, and their small dense-staining nuclei. CRF hybridization in the central nucleus of the amygdala, Barrington's nucleus, and BNST also included three sections per probe (amygdala, bregma, Ϫ2.5 to Ϫ2.8; Barrington's nucleus, bregma, Ϫ9.6 to Ϫ9.8; BNST, bregma, 0.2 to Ϫ0.26 mm). NPY and POMC hybridization in arcuate nucleus of the hypothalamus (ARC) included nine sections per probe, with three sections each representing anterior (bregma, Ϫ2.8), medial (at the level of the dorsomedial nucleus; bregma, Ϫ3.3), and posterior (bregma, Ϫ3.8) ARC. Semiquantitative densitometric analyses of the relative level of AVP, CRF, NPY, and POMC were performed using Macintosh-driven NIH Image software (version 1.61). This was assisted by landmarks made apparent with the cresyl violet counterstaining. Optical density measurements in individual rats were determined from averaged readings of three sections and corrected for background. Analyses were performed blind to the identification of any group.
Data analysis. BW, FI, and CE data are only displayed for experiment 2 (8 d of morphine treatment followed by 8 d of morphine withdrawal), because the treatments and findings within the first 8 d of the experiment were similar between the two experimental groups. CE was calculated using the following formula: grams of body weight gained divided by calories ingested. BW, FI, and CE were analyzed by one-way ANOVA with time (days) as the repeated measure and treatment as the main factor. Tukey's honestly significant difference (HSD) test was used to assess the effect of treatment within each experimental day (days 1-16) on BW, FI, and CE. Organ and fat depot weights, as well as trunk plasma hormone concentrations, were similar between the "basal," "tail nick," and "restraint" groups within each treatment group; therefore, the data across these groups were combined. Organ and fat depot weights, as well as trunk hormone concentrations, were analyzed across experiments by two-way ANOVA with treatment (vehicle and morphine) and withdrawal duration (12 hr and 8 d) as the main factors, and were analyzed within experiments by one-way ANOVA with treatment as the main factor. ACTH and corticosterone data were analyzed by two-way ANOVA with time (minutes) as the repeated measure, and treatment and withdrawal duration as the main factors. As appropriate, a one-way ANOVA for repeated measures was used to examine the effect of treatment, and Tukey's HSD test was used to assess the effect of treatment at each particular time point (0, 15, 30, 60, 90, and 120 min) . Hybridization signals for CRF mRNA in the PVN were different between tail nick alone ("control") and tail nick ϩ restraint ("stress") groups; therefore, the data are presented separately. A two-way ANOVA with treatment and stress as main factors was used to analyze the hybridization data for CRF mRNA in the PVN. Post hoc analysis was performed using Tukey's HSD test. Hybridization signals of CRF in the amygdala, Barrington's nucleus, and BNST, as well as signals of AVP, NPY, and POMC, were similar between the tail nick alone and tail nick ϩ restraint groups; therefore, the data from these groups were combined. The hybridization data for these transcripts were analyzed by one-way ANOVA with treatment (vehicle and morphine) as the main factor. All of the data are presented as mean Ϯ SEM. All of the statistical analyses were performed using Statistica (version 5.0; StatSoft, Tulsa, OK).
Results

Energy balance
Body weight
Administration of escalating doses of morphine twice daily for 8 consecutive d significantly reduced body weight gain compared Intermittent morphine treatment and withdrawal from morphine reduced body weight gain ( A), food intake ( B), and caloric efficiency ( C). Rats received injections twice daily of morphine (10 -80 mg/kg, s.c.) for 8 consecutive days, followed by 8 d of saline injections twice daily. The control group was treated twice daily with the vehicle saline throughout. Measurements of body weight and food intake were made every 12 hr, although body weight gain, food intake, and caloric efficiency are reported once daily in the morning. The dashed line indicates the time of final morphine injection. The results are expressed as means Ϯ SEM (n ϭ 18 rats per group). *p Ͻ 0.05 indicates significant effect of morphine versus saline treatment.
with vehicle-treated controls (treatment, F (1,34) ϭ 28.5, p Ͻ 0.0001; time, F (14,476) ϭ 85.6, p Ͻ 0.0001; treatment ϫ time, F (14,476) ϭ 37.2, p Ͻ 0.0001) (Fig. 1 A) . Cessation of morphine treatment induced a significant ( p Ͻ 0.0001) decrease in body weight during the major withdrawal period. Maximum weight loss was observed 2 d after the final morphine injection. However, subsequent to this maximal decrease in body weight, the rate of weight gain in morphine-treated rats (8.9 Ϯ 0.5 gm/d) was nearly double that observed in vehicle-treated controls (4.9 Ϯ 0.5 gm/d) (F (1,34) ϭ 3.9; p Ͻ 0.0001).
Food intake
Food intake was significantly reduced in morphine-treated compared with vehicletreated rats (treatment, F (1,34) ϭ 28.8, p Ͻ 0.0001; time, F (14,476) ϭ 15.31, p Ͻ 0.0001; treatment ϫ time, F (14,476) ϭ 10.4, p Ͻ 0.0001) (Fig. 1 B) . Importantly, the decrease in food intake occurred only during the dark, but not the light, period [average food intake during the light period, vehicle, 9.0 Ϯ 0.3 gm; morphine, 9.7 Ϯ 0.5, NS; average food intake during the dark period, vehicle, 22.7 Ϯ 0.3 gm; morphine, 16.2 Ϯ 0.8 (F (1,34) ϭ 7.3; p Ͻ 0.0001)]. In addition, after the last of the repeated morphine injections, there was an additional dramatic decrease ( p Ͻ 0.0001) in food intake that occurred during both the light and the dark cycles, maximal during 36 hr after the final morphine injection, from which rats did not fully recover until the final 2 d of treatment.
Caloric efficiency
Caloric efficiency was significantly reduced in morphine-treated compared with vehicle-treated rats during the drug treatment (treatment, F (1,34) ϭ 24.7, p Ͻ 0.0001; time, F (7,238) ϭ 2.2, p Ͻ 0.05; treatment ϫ time, F (7,238) ϭ 0.9, NS) (Fig. 1C) . In addition, termination of repeated morphine treatment precipitated an additional decrease ( p Ͻ 0.0001) in caloric efficiency, maximal during 36 hr after the final morphine injection. Subsequently, however, caloric efficiency in morphine-treated rats rebounded to levels significantly above those observed in control rats and was maintained at this elevated level throughout the recovery period.
White fat depot weights
Morphine dependence and withdrawal decreased epidydimal (treatment, F (1,68) ϭ 6.8, p Ͻ 0.05; withdrawal, F (1,68) ϭ 20.4, p Ͻ 0.0001; treatment ϫ withdrawal, F (1,68) ϭ 0, NS), perirenal (treatment, F (1,68) ϭ 15.8, p Ͻ 0.001; withdrawal, F (1,68) ϭ 22.7, p Ͻ 0.0001; treatment ϫ withdrawal, F (1,68) ϭ 0, NS), mesenteric (treatment, F (1,68) ϭ 0.1, p Ͻ 0.01; withdrawal, F (1,68) ϭ 14.9, p Ͻ 0.001; treatment ϫ withdrawal, F (1,68) ϭ 3.0, p ϭ 0.09), and subcutaneous (treatment, F (1,68) ϭ 11.4, p Ͻ 0.01; withdrawal, F (1,68) ϭ 18.5, p Ͻ 0.0001; treatment ϫ withdrawal, F (1,68) ϭ 0, NS) fat depot weights (Table 2 ). Twelve hours after the final morphine injection, relative weights of perirenal ( p Ͻ 0.001), mesenteric ( p Ͻ 0.01), and subcutaneous ( p Ͻ 0.001) fat depots were significantly reduced in morphine-treated rats. However, the relative weight of the epidydimal fat depot was not altered 12 hr after termination of morphine treatment. Eight days after the final morphine injection, relative weights of all of the depots, except the perirenal depot ( p Ͻ 0.05), had recovered in morphine-treated rats.
Leptin and insulin concentrations
Morphine dependence and withdrawal transiently decreased plasma leptin (treatment, F (1,68) ϭ 35.0, p Ͻ 0.0001; withdrawal, F (1,68) ϭ 42.1, p Ͻ 0.0001; treatment ϫ withdrawal, F (1,68) ϭ 11.8, p Ͻ 0.001) and insulin (treatment, F (1,68) ϭ 40.8, p Ͻ 0.0001; withdrawal, F (1,68) ϭ 36.1, p Ͻ 0.0001; treatment ϫ withdrawal, F (1,68) ϭ 7.7, p Ͻ 0.01) concentrations (Fig. 2 A, B) . Plasma leptin Adrenal weight ( A) was increased in morphine-treated rats 12 hr and 8 d after the last injection, whereas thymus weight ( B) was decreased in morphine-treated rats 8 d after the final injection, but was normal 12 hr after the final morphine injection. The results are expressed as means Ϯ SEM (n ϭ 18 rats per group). *p Ͻ 0.05 indicates significant effect of morphine versus saline treatment. ( p Ͻ 0.001) and insulin ( p Ͻ 0.001) concentrations were significantly reduced 12 hr after the final morphine injection but had recovered 8 d later.
Gonadal activity
Testosterone concentrations Plasma testosterone concentrations serve as an index of the effects of stressors on the hypothalamo-pituitary-gonadal axis; activity in this system is inhibited by many, but not all, of the chronic stressors (Dallman et al., 2002 
Pituitary-adrenal activity Adrenal and thymus weights
Adrenal weight serves as an integrated measure of ACTH secretion over time (Jacobson et al., 1989) . Morphine dependence and withdrawal significantly increased relative adrenal weight (treatment, F (1,68) ϭ 46.1, p Ͻ 0.0001; withdrawal, F (1,68) ϭ 16.2, p Ͻ 0.0001; treatment ϫ withdrawal, F (1,68) ϭ 0.3, NS) (Fig. 3A) . Twelve hours after the final morphine injection, relative adrenal weights were significantly elevated in morphine-treated rats ( p Ͻ 0.001), suggesting a history of elevated ACTH secretion. Furthermore, 8 d after termination of morphine treatment, relative adrenal weights remained significantly elevated ( p Ͻ 0.001) compared with vehicle-treated controls. Thymus weight serves as an integrated measure of inhibitory glucocorticoid action (Akana et al., 1985) . Morphine withdrawal also significantly affected relative thymus weight (treatment, F (1,68) ϭ 14.4, p Ͻ 0.001; withdrawal, F (1,68) ϭ 117.0, p Ͻ 0.0001; Figure 4 . The ACTH and corticosterone responses to the acute, novel stress of tail nick ϩ 30 min restraint were significantly facilitated in morphine-treated rats 12 hr after their final morphine injection. Rats received injections twice daily of saline or morphine for 8 consecutive days. On day 9, the ACTH and corticosterone responses to tail nick alone (A and C, respectively) or tail nick ϩ 30 min restraint (B and D, respectively) were examined. Restraint stress was initiated immediately after the initial tail nick at 0 min and lasted 30 min, as indicated by the thick black bar. Blood was collected under basal conditions (0 min), as well as 15, 30, 60, 90, and 120 min after the initial tail nick. The results are expressed as means Ϯ SEM (n ϭ 6 rats per group). *p Ͻ 0.05 indicates significant effect of morphine versus saline treatment. †0.1 Ͻ p Ͻ 0.05 indicates a trend toward a significant effect of morphine versus saline treatment. Figure 5 . The ACTH response to the acute, novel stress of tail nick ϩ 30 min restraint was significantly reduced in morphine-treated rats 8 d after their final morphine injection. However, the corticosterone responses to the acute, novel stress of tail nick ϩ 30 min restraint were similar between morphine-and saline-treated rats 8 d after termination of morphine treatment. Rats received injections twice daily of saline or morphine for 8 consecutive days, followed by 8 additional days of saline injections in both treatment groups. On day 16, the ACTH and corticosterone responses to tail nick alone (A and C, respectively) or tail nick ϩ 30 min restraint (B and D, respectively) were examined. Restraint stress was initiated immediately after the initial tail nick at 0 min and lasted 30 min, as indicated by the thick black bar. Blood was collected under basal conditions (0 min), as well as 15, 30, 60, 90, and 120 min after the initial tail nick. The results are expressed as means Ϯ SEM (n ϭ 6 rats per group). *p Ͻ 0.05 indicates significant effect of morphine versus saline treatment. †0.1 Ͻ p Ͻ 0.05 indicates a trend toward a significant effect of morphine versus saline treatment. treatment ϫ withdrawal, F (1,68) ϭ 42.1, p Ͻ 0.0001) (Fig. 3B) . Twelve hours after the last morphine injection, relative thymus weights were similar between vehicle-and morphine-treated rats (Fig. 3B) . However, 8 d after termination of morphine treatment, relative thymus weights were significantly reduced in morphinetreated rats compared with vehicle-treated controls ( p Ͻ 0.001).
ACTH and corticosterone responses to a novel stressor 12 hr after the last morphine injection
Basal plasma ACTH was similar between vehicle-and morphinetreated rats 12 hr after the last morphine injection (Fig. 4 A, B) . Acute exposure to restraint produced significant increases in plasma ACTH concentrations in both vehicle-treated (treatment, F (1,10) ϭ 4.8, p ϭ 0.05; time, F (5,50) ϭ 9.3, p Ͻ 0.0001; treatment ϫ time, F (5,50) ϭ 5.3, p Ͻ 0.001) and 12 hr morphine-withdrawn (treatment, F (1,10) ϭ p Ͻ 0.001; time, F (5,50) ϭ 110.4, p Ͻ 0.0001; treatment ϫ time, F (5,50) ϭ 96.5, p Ͻ 0.0001) rats. Furthermore, the ACTH responses to both tail nick alone (treatment, F (1,10) ϭ 6.9, p Ͻ 0.05; time, F (5,50) ϭ 5.3, p Ͻ 0.001; treatment ϫ time, F (5,50) ϭ 2.7, p Ͻ 0.05) and tail nick ϩ restraint stress (treatment, F (1,10) ϭ 181.2, p Ͻ 0.0001; time, F (5,50) ϭ 114.7, p Ͻ 0.0001; treatment ϫ time, F (5,50) ϭ 72.7, p Ͻ 0.0001) were significantly greater in morphine-treated rats compared with vehicle-treated rats 12 hr after the last morphine injection.
Initial corticosterone concentrations were also similar between vehicle-and morphine-treated rats 12 hr after the final morphine injection (Fig. 4C,D) . Acute restraint resulted in a significant increase in plasma corticosterone concentration in vehicle-treated (treatment, F (1,10) ϭ 14.7, p Ͻ 0.01; time, F (5,50) ϭ 46.2, p Ͻ 0.0001; treatment ϫ time, F (5,50) ϭ 8.2, p Ͻ 0.0001) and morphine-treated (treatment, F (1,10) ϭ 8.2, p Ͻ 0.05; time, F (5,50) ϭ 90.1, p Ͻ 0.0001; treatment ϫ time, F (5,50) ϭ 2.5, p Ͻ 0.05) rats. However, morphine-treated rats demonstrated a greater corticosterone response to both tail nick alone (treatment, F (1,10) ϭ 35.6, p Ͻ 0.001; time, F (5,50) ϭ 40.6, p Ͻ 0.0001; treatment ϫ time, F (5,50) ϭ 10.5, p Ͻ 0.0001) and tail nick ϩ restraint (treatment, F (1,10) ϭ 24.5, p Ͻ 0.001; time, F (5,50) ϭ 96.0, p Ͻ 0.0001; treatment ϫ time, F (5,50) ϭ 9.5, p Ͻ 0.0001) 12 hr after the final morphine injection. As anticipated (Houshyar et al., 2001a (Houshyar et al., ,b, 2003a , rats had facilitated ACTH and corticosterone responses at the end of this chronic stressor.
ACTH and corticosterone responses to a novel stressor 8 d after the last morphine injection
Basal plasma ACTH was similar between vehicle-and morphine-treated rats 8 d after the last morphine injection (Fig.  5 A, B) . Acute exposure to restraint produced significant increases in plasma ACTH in vehicle (treatment, F (1,10) ϭ 7.8, p Ͻ 0.05; time, F (5,50) ϭ 27.5, p Ͻ 0.0001; treatment ϫ time, F (5,50) ϭ 13.2, p Ͻ 0.0001) and 8 d morphine-withdrawn (treatment, F (1,10) ϭ 9.7, p Ͻ 0.05; time, F (5,50) ϭ 35.0, p Ͻ 0.0001; treatmentϫ time, F (5,50) ϭ 21.4, p Ͻ 0.001) rats. Furthermore, the ACTH responses to both tail nick alone (treatment, F (1,10) ϭ 7.1, p Ͻ 0.05; time, F (5,50) ϭ 18.6, p Ͻ 0.001; treatment ϫ time, F (5,50) ϭ 6.6, p Ͻ 0.0001) and tail nick ϩ restraint stress (treatment, F (1,10) ϭ 4.0, p ϭ 0.07; time, F (5,50) ϭ 41.1, p Ͻ 0.001; treatment ϫ time, F (5,50) ϭ 3.7, p Ͻ 0.01) were significantly reduced in morphine-treated rats compared with vehicle-treated rats 8 d after the last morphine injection.
Basal corticosterone concentrations were similar in vehicleand morphine-treated rats undergoing 8 d of morphine withdrawal (Fig. 5C,D) . Acute exposure to restraint produced significant increases in plasma corticosterone concentrations in both vehicle-treated (treatment, F (1,10) ϭ 6.5, p Ͻ 0.05; time, F (5,50) ϭ 21.0, p Ͻ 0.0001; treatment ϫ time, F (5,50) ϭ 7.7, p Ͻ 0.0001) and 8 d morphine-withdrawn (treatment, F (1,10) ϭ 28.6, p Ͻ 0.0001; time, F (5,50) ϭ 50.5, p Ͻ 0.0001; treatment ϫ time, F (5,50) ϭ 17.5, p Ͻ 0.0001) rats. Thus, 8 d of escalating intermittent morphine treatment is sufficient to provide robust effects on the HPA axis 8 d later. There were no significant differences in the corticosterone responses to tail nick ϩ restraint between vehicle-and morphine-treated rats, showing that the hyper-responsivity of the HPA axis observed 12 hr after the final morphine injection . The lack of an inhibited corticosterone response 8 d after withdrawal from morphine, despite a robustly inhibited ACTH response, may have resulted from enlarged adrenals that were more than usually responsive to low amounts of ACTH.
CRF mRNA expression in the PVN 12 hr and 8 d after the last morphine injection: correlations with white fat depots
CRF mRNA levels in the PVN were significantly altered 12 hr after the final morphine injection (treatment, F (1,12) ϭ 77.3, p Ͻ 0.0001; stress, F (1,12) ϭ 30.0, p Ͻ 0.0001; treatment ϫ stress, F (1,12) ϭ 6.7, p Ͻ 0.05) (Fig. 6 A, top panels) . CRF mRNA in the PVN in 12 hr morphine-withdrawn rats was significantly increased compared with vehicle-treated rats ( p Ͻ 0.01). Furthermore, 12 hr after the final morphine injection, responsivity of CRF mRNA in the PVN to restraint stress was significantly increased in morphine-treated rats compared with the vehicletreated controls ( p Ͻ 0.001). CRF mRNA levels in the PVN were also different 8 d after the final morphine injection (treatment, F (1,12) ϭ 11.8, p Ͻ 0.01; stress, F (1,12) ϭ 5.9, p Ͻ 0.05; treatment ϫ stress, F (1,12) ϭ 5.2, p Ͻ 0.05) (Fig. 6 B, bottom panels) . Eight days after the final morphine injection, CRF mRNA in the PVN in morphine-treated rats had recovered to levels observed in vehicle-treated rats. However, facilitated responsivity of CRF mRNA in the PVN to restraint stress remained ( p Ͻ 0.05).
Based on our previous studies, we were interested in the relationship between WAT weights and CRF mRNA expression in the PVN . There were no significant correlations between CRF mRNA levels in the PVN and any of the white fat depots examined in vehicle-treated rats (epidydimal, r 2 ϭ Ϫ0.14, NS; mesenteric, r 2 ϭ Ϫ0.09, NS; perirenal, r 2 ϭ Ϫ0.14, NS; subcutaneous, r 2 ϭ Ϫ0.19, NS) ( Fig. 7 A, B ). In contrast, we found a strong negative correlation (r 2 ϭ Ϫ0.67; p Ͻ 0.01) between CRF mRNA expression in the PVN and mesenteric WAT weight in morphine-treated rats (Fig. 7C ). There were no significant correlations between CRF mRNA in the PVN and epidydimal (r 2 ϭ Ϫ0.23; NS) or perirenal (r 2 ϭ Ϫ0.36; NS) WAT, although there was a trend toward a correlation between CRF mRNA and subcutaneous WAT (r 2 ϭ Ϫ0.44; 0.1 Ͻ p Ͻ 0.05) (Fig. 7D ) in morphine-treated rats. The results suggest that, when the central stress response network is engaged, a signal from abdominal fat stores modulates activity in this network, as reported previously (Laugero, 2001; Dallman et al., 2003b) .
CRF mRNA expression in the amygdala, Barrington's nucleus, and BNST 12 hr and 8 d after the last morphine injection
Twelve hours after the final morphine injection, CRF mRNA expression in the CeA was significantly reduced in morphinetreated rats compared with vehicle-treated rats (F (1,14) ϭ 5.9; p Ͻ 0.04) ( Table 3 ). In contrast, 8 d after the final morphine injection, CRF mRNA expression in the CeA of morphine-treated rats tended to be higher than in the vehicle-treated controls (F (1,14) ϭ 3.3; p ϭ 0.09). CRF mRNA expression in Barrington's nucleus was significantly elevated 12 hr (F (1,14) ϭ 4.7; p Ͻ 0.05) after the final morphine injection and remained elevated 8 d after the final morphine injection (F (1,14) ϭ 6.3; p Ͻ 0.05) compared with vehicle-treated controls (Table 3) . Twelve hours after the final morphine injection, CRF mRNA expression in both the oval and fusiform nuclei of the BNST were significantly elevated in morphine-treated rats compared with vehicle-treated controls (oval, F (1,14) ϭ 11.6, p Ͻ 0.01; fusiform, F (1,14) ϭ 8.5; p Ͻ 0.05) (Table 3 ). However, 8 d later, CRF mRNA levels in both of the BNST nuclei had recovered and were similar to those observed in vehicle-treated rats.
AVP mRNA expression in the PVN 12 hr and 8 d after the last morphine injection
AVP mRNA expression in the magnocellular cells of the PVN was unaltered both 12 hr and 8 d after the final morphine injection (Fig. 8 A) . AVP mRNA levels in the parvocellular cells of the PVN were significantly elevated in morphine-treated rats 12 hr after the final morphine injection compared with vehicle-treated rats (F (1,14) ϭ 4.6; p ϭ 0.05) (Fig. 8 B, top panel) . However, 8 d later, parvocellular PVN AVP mRNA expression in morphine-treated rats had recovered and was similar to control rats (Fig. 8 B, bottom panel).
NPY and POMC mRNA expression in the arcuate nucleus of the hypothalamus 12 hr and 8 d after the last morphine injection
In the anterior arcuate, mRNA expression of the orexigenic NPY was significantly reduced in morphine-treated rats 12 hr after the final morphine injection (F (1,14) ϭ 5.6; p Ͻ 0.05) ( Table 4 ). In contrast, 8 d after the final morphine injection, NPY mRNA expression in the anterior arcuate was significantly increased in morphine-treated rats compared with the vehicle-treated controls (F (1,14) ϭ 7.8; p Ͻ 0.05). NPY mRNA expression in the medial and posterior regions of the arcuate nucleus of the hypothalamus was unaltered either 12 hr or 8 d after the final morphine injection in morphine-treated animals compared with vehicle-treated controls. These findings are consistent with pre- Figure 7 . There was no correlation between CRF mRNA expression in the PVN and either mesenteric or subcutaneous WAT weight in vehicle-treated rats (A and B, respectively). In contrast, there was a strong negative correlation between CRF mRNA expression in the PVN and mesenteric WAT in morphine-treated rats ( C). In addition, there was a nonsignificant trend toward a negative correlation between CRF mRNA expression in the PVN and subcutaneous WAT in morphine-treated rats ( D). CRF mRNA data are expressed as a percentage of vehicle control. Mesenteric and subcutaneous WAT data are expressed relative to body weight. The results are expressed as means Ϯ SEM (n ϭ 16 rats per group). The solid line indicates a significant ( p Ͻ 0.05) correlation.
vious observations in our laboratory that two very different manipulations, namely lesioning the afferents from the ARC to the PVN (Bell et al., 2000) and exposing rats to chronic cold stress plus high testosterone levels (F. Gomez, personal communication), selectively alter NPY mRNA expression in the anterior, but not the medial or posterior, portions of the arcuate nucleus of the hypothalamus. The anorexogenic POMC mRNA expression levels in the anterior, medial, and posterior regions of the arcuate nucleus of the hypothalamus were not different either 12 hr or 8 d after the final morphine injection in morphinetreated rats compared with vehicle-treated controls (Table 4) . Thus, in the anterior arcuate, orexigenic NPY mRNA levels were decreased when food intake was low, 12 hr after morphine, and were increased 8 d after the last injection of morphine when food intake was normal but energy efficiency was high.
Discussion
The 8 d morphine paradigm is sufficient to both activate the chronic stress response network of the brain and leave sequelae of the effects of the chronic stressor that persist for at least 8 d after the last injection. The stress of repeated withdrawal associated with intermittent morphine treatment (12 hr) reliably altered brain neuropeptide expression and neuroendocrine and metabolic variables. The newly described delayed effects (8 d) after morphine withdrawal on brain peptide expression were robust and revealing. We suspect that some of the differences between 4 d (Houshyar et al., 2003a ) and 8 d morphine treatments result from the more marked metabolic and endocrine effects of the longer treatment (Table 5 ). There were persistent changes in several CRF-containing cell groups in the brain and robustly altered HPA responses of morphine-treated rats not only 12 hr, but also 8 d, after the end of treatment, consistent with changes in energy balance. The delayed changes may also reflect what happens in people with posttraumatic stress disorder (PTSD) and may represent interactions between physical recovery from, but sustained brain effects of, high-intensity stressors. Repeated partial withdrawal associated with intermittent morphine treatment appears to be required for induction of this chronic stress state.
Energy balance
Eight days of morphine treatment, like the 4 d paradigm, reduced food intake, body weight, and caloric efficiency. However, only 8 d, but not 4 d, of morphine reduced fat depot weights. Furthermore, the marked physical withdrawal that occurred between 24 and 48 hr after 8 d was much more pronounced than after 4 d of morphine; caloric efficiency was twice as reduced. During the last days, caloric efficiency reached control after 4 d of morphine, but, after 8 d of morphine, caloric efficiency was above control for the last 4 d. This suggests strongly that the 8 d treatment constitutes a greater metabolic challenge and initiates greater compensation during the 8 d of recovery.
NPY mRNA levels were reduced when rats ate less at 12 hr and were elevated when they ate normally 8 d after the last morphine injection. NPY may have affected caloric efficiency via inhibition of sympathetic outflow (Bray, 1991; Egawa et al., 1991) . Considering all of the samples, CRF mRNA in the PVN correlated negatively with NPY mRNA in the ARC of morphine-treated rats (r 2 ϭ Ϫ0.64; p Ͻ 0.01), supporting the proposed opposing roles of these neuropeptides in the regulation of food intake (Richard et al., 2002; Williams et al., 2004) . NPY levels are reduced in the hypothalamus of morphine-tolerant rats (Pages et al., 1991) , and intracerebroventricular NPY attenuates withdrawal-induced behavioral signs and neuronal activation (Woldbye et al., 1998 ; Clausen et al., 2001) , suggesting that NPY may play a role in morphine withdrawal. Expression of POMC was unchanged throughout the experiment, in agreement with a report stating that repeated morphine injections and naloxoneprecipitated withdrawal did not change POMC mRNA expression in the ARC (Lightman and Young, 1988) . In contrast, other studies have shown that POMC expression is decreased in morphinedependent and -withdrawing rats (Mocchetti et al., 1989; Bronstein et al., 1990; Wardlaw et al., 1996) . However, those studies were performed in animals with steady-state morphine, and intermittent morphine produces markedly different effects than constant morphine.
HPA activity ACTH and corticosterone responses to acute restraint were facilitated 12 hr after the last morphine injection and reduced 8 d thereafter. With 8 d of morphine treatment, the effect on both ACTH and corticosterone responsivity grows compared with 4 d of treatment, both 12 hr and 8 d after the final morphine injection. Continued growth beyond an 8 d treatment is apparent when results from 16 d treatments are examined (Houshyar et al., 2001a,b) . There, the facilitation of acute responses to novel restraint is still more robust, and the subsequent inhibition after 8 d of withdrawal persists for 16 d. Thus, it appears that the duration of the morphine paradigm is as critical to the magnitude of changes in HPA responses as it is to energy balance.
At 12 hr, intermittent morphine treatment had similar stimulatory effects on CRF expression in the PVN and Barrington's nucleus in both the 4 and 8 d paradigms, suggesting that autonomic control (Pinelli et al., 1998; Cano et al., 2000) and neuroendocrine cell groups that are stressor sensitive (Sawchenko et al., 2000) are stimulated early and persistently after the onset of a chronic stressor. At 12 hr, the hypothalamic CRF response to acute restraint was increased with both 4 and 8 d morphine treatments. Enhanced CRF expression is consistent with facilitated ACTH responses at 12 hr. However, facilitation of CRF after restraint also occurs 8 d after the final morphine injection, when the ACTH response is reduced. Elevated CSF concentrations of CRF with low or normal plasma cortisol concentrations also occur in nonhuman primates exposed to early-life stressors (Coplan et al., 1996) and in humans with PTSD (Kasckow et al., 2001) . Eight days after the last morphine injection, CRF mRNA remained elevated in Barrington's nucleus, suggesting persistent stimulation of CRF-expressing neurons in this autonomic control site.
At 12 hr, CRF mRNA in BNST was inhibited after 4 d but increased after 8 d of morphine. In the amygdala, 4 d of morphine did not affect CRF expression; after 8 d of morphine, CRF mRNA in amygdala was inhibited acutely (12 hr) but elevated chronically (8 d). Similarly, it was reported recently that CRF expression in the CeA increases with time, after withdrawal from intermittent morphine treatment (Maj et al., 2003) . Stressor inputs affect activity in the BNST and amygdala in an interactive manner, and CRF seems to play a large role in the chronic stress response network (Gray et al., 1993; Schulkin et al., 1994; Gray and Bingaman, 1996; Walker and Davis, 1997; Koob and Heinrichs, 1999; Erb et al., 2001; McNally and Akil, 2002) . The changes in CRF mRNA in highly interconnected limbic structures with different durations of morphine treatment suggest that some consolidation of responses to the chronic stressor may have occurred, but additional experiments are required for precise interpretation.
At 12 hr, AVP mRNA in parvocellular PVN did not change after 4 d but increased in the 8 d paradigm; although colocalization was not performed, it is likely that at least some of the parvocellular AVP was coexpressed in CRF neurons after chronic stressors, as reported by others (de Goeij et al., 1992; . The increased AVP between 4 and 8 d treatments could help to explain some of the growth in the magnitude of ACTH responses to novel restraint that occurred during this period (Rivier and Vale, 1983; Rivier et al., 1984) . Increased AVP expression is consistent with the increasing role of this neuropeptide in regulating HPA activity during chronic stress (Makino et al., 1995; .
There is a relationship between energy balance and HPA ac- The effects of early and late withdrawal are compared with the responses observed in the appropriate control (vehicle-treated) group. The results from 4 d of morphine treatment have been reported previously (Houshyar et al., 2003a) . 2, 1, and ϭ indicate reduced, increased, or equal response compared with the control group, respectively. An increasing number of arrows indicates a more dramatic difference from the control response. ND, Not determined.
tivity during periods of chronic stress (Dallman et al., 2004) . Morphine-treated rats displayed a strong negative correlation between mesenteric WAT weight and CRF mRNA expression in the PVN. There was also a strong negative correlation between mesenteric WAT and CRF expression in the BNST (oval, r 2 ϭ Ϫ0.73, p Ͻ 0.01; fusiform, r 2 ϭ Ϫ0.72, p Ͻ 0.01). The opposite effects of 4 and 8 d morphine paradigms on CRF expression in the BNST may reflect the fact that only 8 d of morphine reduced mesenteric fat depot weights. These changes support a role for metabolic negative feedback during periods of chronic stress but require experiments designed to test the hypothesis more directly.
Relevance to humans
The rate of substance abuse, including opioid dependence, is prevalent among people with PTSD (Clark et al., 2001; Jacobsen et al., 2001; De Bellis, 2002) . Our results suggest that opioid dependence and withdrawal may result in development of PTSD. PTSD is associated with increased CRF concentrations in CSF, normal or low cortisol levels, and supersuppression with dexamethasone (Jacobsen et al., 2001) . Similarly, we observe a mismatch between central CRF expression and peripheral pituitaryadrenal secretions in 8 d rats. CRF mRNA expression in the PVN, Barrington's nucleus, and the amygdala is elevated 8 d after the final morphine injection, but rats display markedly reduced ACTH responses to a novel stressor. Also, rats undergoing 8 d of withdrawal are more sensitive to dexamethasone feedback (Houshyar et al., 2001b) . We believe that precipitation of a PTSD-like state in morphine-treated rats is directly linked to the duration and intensity of morphine treatment and is coupled to the magnitude of the metabolic and endocrine responses that occur in response to opioid withdrawal. The mismatch between central and peripheral HPA activity may play a role during the chronic withdrawal, relapse-sensitive period and may be at least, in part, dependent on metabolic feedback.
Summary
Eight days of escalating morphine injections produce marked changes in the expression of neuropeptides involved in metabolism and HPA activity, some of which persist for at least 8 d after the last injection. With a longer duration of morphine treatment, the effect on energy balance and HPA activity both 12 hr and 8 d after the final morphine injection grows. These results are likely a consequence of the stress associated with the twice-daily partial withdrawal that accompanies the injection regimen and the intense withdrawal response observed 24 -48 hr after the last morphine injection. Changes occurring in metabolism are linked with HPA activity and support an inhibitory metabolic feedback signal during periods of chronic stress. The newly described delayed effects of morphine dependence and withdrawal are similar to the HPA symptoms described in people with PTSD.
